To investigate the function of chlorination treatment, Schottky diodes with Ni/ Au contact and chlorine-treated n-type GaN were fabricated. The resultant Schottky barrier height and ideality factor of the chlorine-treated Schottky diodes were improved. The corresponding increase in photoluminescence intensity and carrier lifetime of the chlorine-treated n-type GaN was achieved using photoluminescence and time-resolved photoluminescence measurements. The improved performance of chlorine-treated Schottky diodes was attributed to the reduction of surface states as a result of reduced Ga dangling bonds and the N vacancies being passivated by the formation of GaO x on the surface of n-type GaN.
I. INTRODUCTION
In recent years, we have witnessed an impressive progress being achieved on III-V nitride-based compound semiconductor related technologies. These materials have found numerous applications in electronic and optoelectronic devices because of their inherent material properties. [1] [2] [3] [4] In particular, the issue involving metal contacts on III-V nitride semiconductors plays a key role in influencing the performance and subsequent reliability of devices. The Ohmic and Schottky characteristics of metal/ III-V nitride semiconductor contacts could potentially be influenced by several parameters. Among them, surface state has received a substantial amount of attention because of its tendency to render surface Fermi-level pinning and a reduction in Schottky barrier height. 5, 6 Schottky barrier height is dependent on the surface state density. In previous reports, various values of Schottky barrier height of Ni/ Au contact on n-type GaN were reported due to their differences in surface state density. 7, 8 In this work, we propose a method to reduce surface state of n-type GaN by using chlorinated surface treatment via the electrolysis of a dilute HCl ͑aq͒ chemical solution. To investigate the reduction of surface state density as a function of chlorinated surface treatment, current-voltage characteristics, photoluminescence ͑PL͒, and time-resolved photoluminescence ͑TRPL͒ measurements were performed.
II. EXPERIMENTAL PROCEDURE
The n-type GaN layers used in this work were grown on c-plane sapphire substrates using metal organic chemical vapor deposition ͑MOCVD͒ system. Trimethylgallium and ammonia were used as the Ga and N sources, respectively. Si was the dopant source for the n-type GaN. Following the epitaxial growth of a 1-m-thick undoped GaN buffer layer conducted at 500°C, a 2-m-thick Si-doped GaN layer was grown at 1100°C. Using Hall measurement carried out at room temperature, the electron concentration and mobility of as-grown n-type GaN layer were 3 ϫ 10 17 cm −3 and 310 cm 2 / V s, respectively. For the chlorinated surface treatment of n-type GaN, dilute HCl ͑1HCl+ 10H 2 O͒ chemical solution was used as the electrolytic solution. Figure 1 illustrates adhere to the n-type GaN surface which reacted with Ga dangling bonds of Ga-terminated n-type GaN layer. The GaCl x was formed via the following process:
The produced GaCl x relative halides could be dissolved in the chemical solution quite easily. 9 Ga vacancies were then introduced to the n-type GaN surface as a result of the formation of GaCl x . Since holes could be induced by Ga vacancies, 10 the associated net electron concentration on the n-type GaN surface was thereby decreased. On the other hand, the HClO could be produced in the chemical solution by reacting chlorine with water via the following process:
The HClO in turn oxidized the n-type GaN to form GaO x via the process
The resultant GaO x generated on the n-type GaN then induced more Ga vacancies and made a function of passivation on the GaN surface.
11,12
III. EXPERIMENTAL RESULTS AND DISCUSSION
Using a He-Cd laser with a wavelength of 325 nm as an excitation source, the PL spectra at room temperature of the n-type GaN with and without chlorination treatment are shown in Fig. 2 . It can be seen that the PL intensity of the chlorine-treated n-type GaN sample is larger than that of the sample without chlorination treatment. The nonradiative recombination rate can be enhanced by the surface states which act as nonradiative recombination centers. 13 The larger PL intensity of the chlorine-treated n-type GaN can be attributed to the effective passivation of surface states by the formation of GaO x .
To investigate the carrier recombination dynamics and related carrier lifetime of the n-type GaN with and without chlorination treatment, a focused picosecond Ti: sapphire laser with a wavelength of 266 nm was used as an excitation source for a TRPL system. The associated TRPL curves for the energy band edge of 3.4 eV are shown in Fig. 3 . It can be found that the carrier lifetimes of the n-type GaN with and without chlorination treatment are 0.65 and 0.44 ns, respectively. The total recombination rate is split into a sum of radiative and nonradiative recombination rates. The carrier lifetime , radiative lifetime r , and nonradiative lifetime nr are related as follows:
Since the PL intensity of the chlorine-treated n-type GaN is larger than that of the sample without chlorination treatment as shown in Fig. 2 , the radiative recombination rate of the former one is expected to be larger than that of the latter one. Furthermore, the recombination rate of chlorine-treated n-type GaN is smaller because of its longer carrier lifetime. Therefore, we can conclude that the nonradiative recombination rate of the n-type GaN without chlorination treatment is larger. A larger nonradiative recombination rate is attributed to the enhanced recombination via surface states. Based on the PL and TRPL measurements, the surface state density of the n-type GaN can be reduced by using chlorinated surface treatment. Using a conventional photolithography and lift-off technique, Schottky diodes were fabricated and shown in Fig. 4 . To obtain the Ohmic performance with long-term thermal stability, 14 Ti/ Al/ Pt/ Au ͑25/ 100/ 50/ 200 nm͒ Ohmic metals were deposited on the n-type GaN samples using electronbeam evaporator. After using a lift-off process, concentric Ohmic contact rings ͑outer radius= 400 m, inner radius = 150 m͒ were patterned and then annealed using a rapid thermal annealing system in a N 2 ambient at 700°C for 1 min. After the samples were cleaned, the samples were divided into group A and group B. Chlorinated surface treat- 
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Chen et al. J. Appl. Phys. 101, 024507 ͑2007͒ ment was performed on group A samples as mentioned before, while group B samples received no chlorination treatment. Ni/ Au ͑100/ 100 nm͒ Schottky circular pattern with a radius of 100 m was defined using photoresist and then placed at the center of previously fabricated concentric Ohmic contact ring for both the groups A and B samples.
Using an HP4145B semiconductor parameter analyzer, the forward current-voltage characteristics of the Schottky diodes were measured and shown in Fig. 5 . According to the thermionic emission theory, the current ͑I͒ transport over the Schottky barrier height F B as a function of applied voltage ͑V͒ can be expressed as
where A * ͑=26.4 A cm −2 K −2 ͒ is the effective Richardson constant of GaN, 15 S is the Schottky contact area, T is the absolute temperature, q is the electronic charge, and n is the ideality factor. From the logarithmic plot of ͓I exp͑qV / KT͒ / ͓exp͑qV / KT͒ −1͔͔ as a function of applied voltage V, the associated ideality factor n and Schottky barrier height F B can be determined. The ideality factors n of 1.04 and 1. 16 and Schottky barrier heights F B of 0.95 and 0.75 eV were obtained for the n-type GaN with and without chlorination treatment, respectively. Since the ideality factor of the chlorine-treated Schottky diode is close to 1, the result indicates the surface states can be effectively reduced using chlorination treatment. 16 In general, the presence of surface states tends to lower the Schottky barrier height. 17 Because the Schottky barrier height of Ni/ Au contact on chlorinetreated n-type GaN is larger compared to that of n-type GaN sample without chlorination treatment, chlorinated surface treatment effectively brings about a reduction on the surface state density. Figure 6 shows the reverse current-voltage characteristics of the Schottky diodes with and without chlorinated surface treatment. The breakdown voltages of −72 and −50 V were obtained for the Schottky diodes with and without chlorination treatment, respectively. The breakdown voltage is defined as the voltage with which the reverse leakage current ͑1 ϫ 10 −7 A, in Fig. 6͒ rapidly increases. In general, nitrogen vacancy related surface states present on the surface of n-type GaN would lead to a thin n + region on the surface. 18 The n + region served as a tunneling path when reverse biasing the Schottky diodes, and the reverse leakage current increased accordingly. As the chlorinated surface treatment of n-type GaN had demonstrated, the reduction of Ga dangling bonds and the occupation of nitrogen vacancies as a result of GaO x formation jointly contributed to a decrease in the surface states. In return, the breakdown voltage of the chlorinetreated Schottky diodes became larger compared to that of the one without chlorination treatment, as evidently shown in Fig. 6 .
IV. CONCLUSIONS
In summary, the Schottky mechanism for chlorinetreated n-type GaN by electrolyzing a chemical solution of dilute was investigated. According to the experimental results of current-voltage characteristics, photoluminescence, and time-resolved photoluminescence measurements, the improvement in the Schottky barrier height and ideality factor of the chlorine-treated Schottky diodes was attributed to the reduction of surface states. Using chlorinated surface treatment of n-type GaN, the reduction of surface states could be achieved through the removal of Ga dangling bonds and the passivation of nitrogen vacancies as a result of forming GaO x on the chlorine-treated n-type GaN surface. The nonradiative recombination rate could also be minimized by reducing surface states; this in turn helped enhance the photoluminescence intensity and carrier lifetime. The lowering of reverse leakage current and an increase in the breakdown voltage of the chlorine-treated Schottky diodes were all benefited from the reduction of surface states. 
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